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or  rolling.  The  oriented  films  were  characterized  by  means  of  infrared 
spectroscopy,  density,  birefringence,  sonic  modulus,  and  X-ray  diffraction. 
The  oriented  films  were  then  poled  at  various  electric  field  strengths 
and  temperatures  for  various  times.  Trends  have  been  noted  between  draw 
ratio  and  the  resulting  physical  properties;  the  piezoelectric  activity 
has  been  correlated  with  draw  ratio  and  poling  conditions.  The  piezoelec- 
tric activity  has  also  been  investigated  after  accelerated  temperature 
aging  and  isothermal  aging.  Prototype  devices  have  been  fabricated  at 
AMMRC  with  these  films  to  demonstrate  their  potential  utility  in  micro- 
phones, vibration  sensors,  and  strain  gages.  Further  development  efforts 
have  been  conducted  jointly  with  industrial  firms  to  produce  more  refined 
prototype  devices,  including  a remarkable  medical  sensor.  It  is  concluded 
that  piezoelectric  polymer  films  can  provide  unique  and  advantageous  solu- 
tions to  a number  of  Army  problems  requiring  monitoring  and  communication 
devices . 
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INTRODUCTION 


A piezoelectric  material  produces  an  electrical  signal  when  subjected  to  a 
mechanical  stress.  Traditional  examples  of  this  effect  have  been  demonstrated  by 
certain  ceramic  materials  and  inorganic  crystals.  Recently  certain  organic  poy- 
mers,  when  properly  treated  (by  both  orientation  and  polarization)  have  exhibited 
this  phenomenon.1-^  The  purpose  of  our  research  in  piezoelectric  polymers  is  to 
prepare  and  characterize  organic  polymer  films  for  evaluation  as  transducer  ele- 
ments in  devices,  such  as  microphones,  accelerometers,  strain  gages,  and  medica 
sensors.  The  large  piezoelectric  effect  for  polyvinylidene  fluoride  (PVF2)  and 
its  copolymers  suggests  that  they  are  good  candidates  for  such  devices.  There- 
fore our  approach  has  been  to  impart  and  to  comprehensively  study  systematic 
changes  in  the  structure  and  morphology  of  PVF2  and  to  relate  these  to  subsequent 
piezoelectric  behavior  in  an  attempt  to  understand,  optimize,  and  utilize  the  pi- 
ezoelectric phenomenon. 5 Commercially  available  PVF2  homopolymer  and  copolymer 
films  were  oriented  by  various  techniques  including  uniaxial  stretching,  biaxial 
stretching,  and  rolling.  The  resulting  films  were  characterized  by  infrared  spec- 
troscopy, density,  birefringence,  sonic  modulus,  and  X-ray  diffraction.  The  ori- 
ented films  were  then  poled  at  various  electric  field  strengths,  temperatures, 
and  times.  Correlations  were  made  between  draw  ratio,  physical  properties , poling 
conditions,  and  piezoelectric  activity  of  the  films.  The  piezoelectric  activity 
was  also  investigated  as  a function  of  subsequent  temperature  conditioning  and 
temperature  cycling.  Prototype  devices  employing  these  polymer  films  as  trans- 
ducing elements  have  been  fabricated  and  tested. 


EXPERIMENTAL 


Extruded  homopolymer  PVF2  film  (Kynar,  Pennwalt  Corp.)  was  obtained  from 
Westlake  Plastics.  This  polymer  film  was  oriented  to  varying  degrees  (machine 
draw  ratios  from  2/1  to  7/1)  by  uniaxial  stretching  at  high  speed  in  a radiant 
heated  oven  according  to  a procedure  developed  in  this  laboratory.  Extruded 
copolymer  polyvinylidene  fluoride-tetrafluoroethylene  (Kynar  7200)  PVF2-TFE  was 
obtained  from  Pennwalt  Corp.  The  copolymer  film  was  oriented  to  various  degrees 
up  to  about  4/1  by  stretching  in  an  Instron  test  machine  at  room  temperature. 


Infrared  spectra  of  the  homopolymer  and  copolymer  films  were  recorded  in  the 
far  infrared  region.  Densities  of  the  polymer  films  were  determined  with  a gradi- 
ent density,  column.  Total  birefringence  of  the  oriented  polymer  fi lms  was  ob- 
tained by  standard  interferometric  techniques.  Sonic  modulus  of  the  films  was 
determined  by  using  a dynamic  modulus  tester.  Wide  angle  X-ray  diffraction  photo- 
graphs of  the  PVF2  films  were  obtained  with  CuKa  radiation  on  a flat  plate  camera. 


KAWAI  H.  The  Piezoelectricity  of  Polyvinylidene  Fluoride.  Japan  J.  Appl.  Phys.,  v.  8,  1969,  p.  975. 

(•'UK ADA,  H.,  und  TAKASIIITA,  S.  Piezoelectric  Effect  in  Polarized  Polyvinylidene  Fluoride.  Japan  J.  Appl.  Ptiys.,  v.  8, 

lUYAKAWA,  R„  and  WADA,  Y.  Piezoelectricity  and  Related  Properties  of  Polymer  Films.  Adv,  Polym.  Sei.,  v.  11, 

BROADHURST,  M.  G.  Proceedings  of  Piezoelectric  and  Pyroelectric  Symposium  - Workshop.  Coordinator,  National 
Bureau  of  Standards,  NBS1R  75-760,  September  1975. 

SHUFORD  R.  J.,  W1LD1C,  A.  F„  R1CCA,  J.  J.,  and  THOMAS,  G.  R.  Characterization  and  I uzoelectnc  Activity  o) 
Stretched  and  Poled  Polyvinylidene  Fluoride.  Part  I:  Effect  of  Draw  Ratio  and  Poling  Conditions.  Polym.  Png.  Scl„ 
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Polymer  films  were  poled  by  placing  them  between  two  copper  poling  plates 
(embedded  in  two  electrically  insulating  blocks) , clamped  together  and  placed  in 
a controlled  temperature  oven  preheated  to  100  to  110  C.  The  poling  plates  were 
connected  to  a high-voltage  power  supply.  After  30  minutes  poling  time  at  poling 
fields  of  500  or  1000  kV/cm,  the  maximum  film  temperature  was  between  80  and  85  C. 
The  sample  was  cooled  with  the  field  applied  for  at  least  15  minutes,  at  which 
time  the  final  film  temperature  was  between  65  to  70  C. 

The  static  piezoelectric  constant  was  obtained  by  placing  known  compressive 
loads  upon  the  stretched  and  poled  polymer  film  and  measuring  the  resultant  stress 
induced  charge  with  an  electrometer.  From  the  incremental  values  of  static  com- 
pressive load  on  the  polymer  film  and  the  corresponding  generated  charge,  we 
calculated  the  piezoelectric  constant  ^33)  by  the  expression  d33  = charge/load, 
in  units  of  coulombs/newton. 

The  dynamic  tensile  piezoelectric  activity  was  determined  by  a test  system 
which  we  developed  for  measuring  the  complex  piezoelectric  stress  and  strain  con- 
stants and  complex  elastic  moduli  of  polymer  films.  One  end  of  the  metallized 
film  was  held  stationary  by  a clamp  attached  to  a force  transducer;  the  other 
end  of  the  film  was  fixed  to  an  electromagnetic  shaker  table  by  means  of  a com- 
bination clamp  and  accelerometer  mount.  The  resulting  stress -induced  electrical 
output  from  the  polymer  film  was  monitored  with  a charge  amplifier  and  a frequency 
response  analyzer.  These  instruments  provided  values  of  the  magnitude  of  the 
generated  charge  and  its  phase  relationship  to  the  applied  stress  on  the  film, 
from  which  we  calculated  the  complex  tensile  piezoelectric  strain  constant  Cd* 31) 
in  units  of  coulombs/newton.  In  addition,  double  integration  of  the  measured 
acceleration  led  to  values  of  the  strain  in  the  film  which  permitted  the  calcula- 
tion of  the  complex  tensile  piezoelectric  stress  constant  (e*3i)  in  units  of 
coulombs  per  square  centimeter. 

RESULTS  AND  DISCUSSION 

It  was  found  that  systematic  increases  in  the  degree  of  PVF2  film  orientation 
produced  systematic  changes  in  the  properties  of  the  film.  These  property  changes 
were  characterized  by  a number  of  methods  and  are  listed  in  Table  1. 


Table  1.  PHYSICAL  PR0PERTILS  OF  PVF,  FILMS  AFTER  STRETCHING* 


Draw 

Ratio 

Thickness 

(mils) 

Uensi ty 
(g/cc) 

Birefringence 
(n||  - hi) 

Sonic 

Modulus 

(ksi) 

Crystalline 

Conformation 

PZ  Constant1 
(pcoul/nt) 

Orig, 

5.40 

1 .768 

0,0045 

326 

Phase  II 

2.2 

2/1 

3.55 

1 .770 

.022 

338 

+ 

6,2 

3/1 

3. 25 

1.773 

.026 

362 

t 

5.1 

4/1 

2.90 

1.778 

.031 

370 

t 

8.5 

5/1 

2.70 

1.788 

.0  36 

5 32 

Phase  I 

14.5 

6/1 

2.60 

1 . 789 

.0.37 

446 

Phase  1 

13.5 

7/1 

2.  B0 

1 . 785 

.035 

480 

Phase  1 

13.0 

‘Filrns  uniaxial  ly  stretched  .it  till  C 

'Films  poled  at  500  kV/cm  to  80  to  85  C in  45  minutes 

'Mixtures  of  Pirns e II  and  Phase  1 


Infrared  spectroscopy  showed  that  the  crystalline  component  of  the  PVF2  film 
(as  received)  was  predominantly  in  the  phase  II  form,7*8  as  evidenced  by  the  pres- 
ence of  absorption  bands  at  615,  530,  410,  360,  290  cm-1  (see  Figure  1).  As  the 
degree  of  uniaxial  stretching  was  increased  in  steps  up  to  5/1,  the  infrared  spec- 
tra showed  a continuous  decrease  in  the  530  and  410  cm-1  and  a concomitant  increase 
in  the  445  cm"1  band.  These  results  indicate  a gradual  conversion  of  phase  II  to 
phase  I due  to  the  stretching  process.  At  further  increases  in  the  draw  ratio  up 
to  7/1,  no  further  changes  were  noted  in  the  infrared  spectra. 


The  increase  in  density  of  the  PVFo  film  with  stretching  (see  Table  1)  may  be 
attributed  to  the  increased  content  of  the  higher  density  phase  I form9  and  may 
also  result  from  an  increase  in  the  degree  of  crystallinity. 

The  increase  in  birefringence  upon  stretching,  as  noted  in  Table  1,  is  as- 
cribed primarily  to  changes  in  degree  of  preferred  orientation  in  the  crystalline 
phase.  The  leveling  off  seen  at  the  higher  draw  ratios  suggests  a saturation  in 
the  degree  of  crystalline  orientation. 


The  change  in  the  sonic  modulus  upon  stretching,  as  noted  in  Table  1,  is  at- 
tributed primarily  to  changes  in  the  amorphous  regions  of  the  polymer  rather  than 
in  the  crystalline  regions.  Unlike  the  birefringence,  the  sonic  modulus  continues 
to  change  at  the  higher  draw  ratios,  indicating  that  the  amorphous  regions  of  the 
polymer  continue  to  orient. 


Figure  1.  Infrared  spectra  of  stretched 
PVF2  films  (from  Reference  6). 


7.  CORT1U,  0.,  and  ZURBJ,  G.  Chain  Conformations  of  Poly viny lid ene  Fluoride  as  Derived  from  Its  Vibrational  Spectrum. 
Speetrochlm.  Acta,  v,  23A,  1967,  p,  285. 

8.  l-NOMOTO,  S„  KAWAI,  Y„  and  SUGITA,  M.  Infrared  Spectrum  of  Polvvinvlidene  Fluoride.  1.  Polyin.  8d.,  v,  6,  A-2, 
1968,  p.  861. 

9.  LANDO,  J.  B.,  OLF,  11.  C»„  and  PETFRL1N,  A.  Nuclear  Magnetic  Resonance  and  X-Ray  Determination  of  the  Structure 
of  Polyvinylldene  Fluoride.  J.  Polym.  Sci.,  v,  4,  A-l,  1966,  p.  941. 


The  X-ray  diffraction  patterns  seen  in  Figure  2 show  that  at  low  degrees  of 
stretching  the  individual  crystallites  are  randomly  oriented.  As  the  degree  of 
stretching  is  increased,  the  crystallites  assume  an  increasingly  preferred  orien- 
tation as  indicated  by  the  gradual  breakup  of  the  diffraction  rings  into  spots. 
Also,  the  changes  noticed  in  the  diffraction  spacings  indicate  a continuous  con- 
version of  phase  II  to  phase  I with  increasing  degree  of  stretching. 

These  results  show  that  the  effect  of  uniaxial  stretching  of  PVF2  is  twofold: 
first,  to  produce  a continuous  conversion  from  crystalline  phise  II  (tgtg')  to 
phase  I (planar  zigzag)  conformation;  and  second,  to  orient  che  crystalline  and 
amorphous  regions  of  the  polymer. 


Alternatively,  biaxial  stretching  and  also  rolling  processes  were  each  inves 
tigated  as  a means  of  producing  the  desired  film  orientation  without  degradation 
of  transverse  film  strength.  The  resultant  physical  and  mechanical  properties 
of  the  PVF2  films  are  given  in  Table  2,  along  with  the  results  of  the  uniaxial 
stretching  for  comparison. 


Figure  2.  Wide  angle  X-ray  diffraction  of 
stretched  PVFj  films  (from  Reference  5). 


Determination  of  the  piezoelectric  activity  of  the  poled  films  gives  results 
as  typified  in  Figure  3.  The  curves  are  linear  during  the  loading  increments  but 
become  slightly  nonlinear  during  the  unloading  increments.  These  results  are  quite 
reproducible  after  several  loading  and  unloading  cycles  and  are  used  to  calculate 
the  static  piezoelectric  constant. 

With  PVF2  films  poled  under  an  effective  field  of  500  kV/cm,  the  static  piezo- 
electric constant  was  found  to  vary  with  the  prior  draw  ratio  in  the  manner  shown 
by  Figure  4 and  given  in  Table  1.  The  most  rapid  increase  occurred  between  draw 
ratios  of  3/1  and  5/1,  paralleling  the  conversion  of  phase  II  crystalline  confor- 
mation to  phase  1 as  a function  of  draw  ratio.  This  suggested  that  the  phase  I 
crystalline  material  plays  a considerable  role  in  the  piezoelectric  behavior10  in 

10.  Ml'RAYAMA.  N.  l‘ie:oclcilrie  aihi  Pyroelectric  Effects  o)  I'olvmei  Fleetreis.  Mlorosymposlum  on  Ulectriwl  Properties 
of  Polymers,  Sot.  Polyin,  Sci.  Japan.  Tokyo,  Japan,  January  1972. 
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Table  2.  EFFFCTS  OF  DIFFERENT  TYPES  OF  ORIENTATION  ON  THE 
PHYSICAL  PROPERTIES  OF  PVF2  FILMS 


Orientation 

Orientation 

Ratio 

Thickness 

(mils) 

Birefringence 

(n  i!  ' "i> 

Sonic  Modulus 
(ksl ) 

II  1 

Crystal  line 
Conformation 

PZ  Constant* 
(pcoul/nt) 

Original 

- 

5.40 

0.0045 

336 

376 

Phase  II 

2.2 

Uniaxial 

5/1 

2.70 

.037 

494 

160 

Phase  I 

12.5 

B 1 axl  a 1 + 

3.8/1 

1.50 

.028 

393 

387 

Phase  I 

11.0 

kol ledY 

3/1 

2.00 

.025 

370 

407 

Phase  I 

7.0 

* F 1 1 ms  poled  at  500  kV/cm  to  80  to  85  C in  1 hour 

+B1axial  stretching  and  rolling  to  maximum  amount  attainable  by  these  methods 
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Figure  3.  Typical  plot  of  5 
generated  charge  as  a 
function  of  compressive 
load  on  film  specimen. 


addition  to  any  effect  produced  by  polymer  orientation.  The  apparent  leveling 
off  of  the  piezoelectric  constant  at  the  high  draw  ratios  agrees  with  our  results 
that  there  is  no  further  conversion  of  material  to  the  phase  I form  and  there  is 
no  further  significant  orientation  of  the  crystalline  regions  at  high  draw  ratios 
under  these  experimental  conditions.  The  further  increase  of  sonic  modulus  at  the 
high  draw  ratios  indicates  that  the  continuing  orientation  of  the  amorphous  mate- 
rial may  contribute  in  only  a minor  way  to  the  piezoelectric  constant. 

A comparison  of  the  piezoelectric  activity  of  PVF2  films  oriented  by  different 
processes  but  poled  under  similar  conditions  is  given  in  Table  2,  The  highest  val- 
ues were  obtained  from  the  uniaxially  and  biaxially  stretched  samples,  which  have 
the  greatest  amount  of  polymer  orientation  and  phase  I crystalline  conformation. 


A series  of  experiments  was  run  to  determine  the  effects  of  the  poling  vari- 
ables upon  the  subsequent  piezoelectric  activity  of  the  uniaxially  stretched  PVF2 
films.  The  effect  of  the  poling  voltage  upon  the  piezoelectric  constant  is  shown 
in  Figure  5,  where  one  sees  a smoothly  rising  curve  which  begins  to  level  off  at 
the  higher  voltages.  When  the  highly  stretched  films  were  poled  at  fields  of 
500  kV/cm,  but  with  variations  in  either  the  poling  time  or  poling  temperature, 
it  was  found  that  the  piezoelectric  activity  increased  at  the  low  values  of  these 
variables  but  leveled  off  after  poling  times  of  30  minutes  and  poling  temperatures 
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Figure  4.  Piezoelectric  constant  of 
PVFj  films  as  a function  of  draw 
ratio  (from  Reference  5). 


150  too  450  600  750  900  1050  (kV/cml 

Poling  Voltage 


Figure  5.  Piezoelectric  constant  of 
PVFj  film  as  a function  of  poling 
voltage  (from  Reference  6). 


ot’  80  C.  Longer  poling  times  (up  to  1-1/2  hours)  and  higher  poling  temperatures 
(100  to  110  C)  had  little  effect  on  the  piezoelectric  activity. 

It  is  evident  that  the  orientation  process  is  an  important  step  in  optimizing 
the  piezoelectric  effect  in  PVI'2 . Stretching  of  this  film,  as  previously  mentioned, 
is  a two-fold  process;  i.e.,  orientation  of  the  polymer  chains  and  conversion  of 
crystalline  chain  conformation.  We  can  investigate  the  influence  of  each  contribu- 
tion on  the  piezoelectric  activity  by  using  a PVF2-TFE  copolymer,  which  exists  ini- 
tially in  the  phase  I form.  The  piezoelectric  activity  of  the  copolymer  films  that 
were  poled  under  similar  conditions  as  PVF2  is  given  in  Table  3,  We  soo  that  the 
piozoelectric  constant  of  the  unoriented  copolymer  is  higher  than  that  of  the  un- 
orientod  PVF2 • This  indicates  that  the  phase  I crystalline  conformation  is  the 
more  active  form.  However,  when  the  copolymer  samples  were  uniaxially  drawn,  there 
was  an  increase  in  the  piezoelectric  constant,  Thus  we  need  not  only  the  "right" 
crystalline  form  but  also  a certain  degree  of  orientation  in  order  to  obtain  the 
optimal  piezoelectric  effect. 

information  about  the  effect  of  subsequent  temperature  conditioning  on  the 
piezoelectric  activity  of  the  stretched  and  poled  PVI:2  films  is  needed  before 
these  polymer  films  can  be  incorporated  as  transducing  elements  in  devices.  The 
retention  of  the  piezoelectric  activity  over  a temperature  range  for  a highly 
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"it'tMOhtul  and  pok'd  PVI-'g  film  Ir  plotted  in  Figure  b.  Initial  film  activity  was 
id'tMit  10  peoulomha/newton.  With  no  field  applied,  the  film  was  then  reheated  for 
"■<  hour  at  the  specified  temperuture  before  the  piezoelectric  activity  was  again 
determined  at  room  temperature.  It  is  soon  that  tho  piezoelectric  activity  was 
retained  under  these  conditions  up  to  85  to  90  C,  beyond  which  there  was  a conti- 
nuous decrease  with  temperuture.  After  subsequent  temperature  treatment  to  150  C, 
about  one  half  of  the  original  activity  was  still  retained. 

A series  of  accelerated  temperature  aging  experiments  was  run  to  determine  the 
effect  of  Increasing  tompoi'ature  upon  the  piezoelectric  constant  of  PVF2.  The 
poled  films  wore  placed  between  two  metal  electrodes,  coupled  to  an  electrometer, 
and  Inserted  between  the  platens  of  a heated  press.  The  piezoelectric  constant 
was  determined  from  I'oom  temperature  to  150  C (upper  curve)  and  back  to  room  tem- 
perature (lower  curve),  as  shown  in  Figure  7.  The  heating  rate  was  2 to  4 C per 
minute,  Tho  piezoelectric  activity  reached  a maximum  at  140  C and  then  dropped 
abruptly.  The  cooling  portion  of  this  test  showed  a permanent  lowering  of  the 
piezoelectric  constant. 

Isothermal  aging  experiments  wore  conducted  in  a similar  manner  except  the 
temperature  of  each  film  was  raised  to  a specified  value  and  held  constant  for  at 
least  100  hours.  The  piezoelectric  constant  was  determined  at  this  elevated  tem- 
poi'uture.  As  wo  can  see  from  Figure  8,  temperature  treatments  of  80  C have  little 


Table  3.  PHYSICAL  PROPERTIES  OF  COPOLYMER  PVFo-TFE  FILMS  AFTER  STRETCHING* 
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♦Copolymer  films  (27*  TFE)  uniaxial ly  stretched  at  room  temperature 
tF11ms  poled  at  500  kV/cm  at  60  C In  45  minutes 


Figure  6.  Piezoelectric  constant  of  PVF2  as  a function  of 
reheating  temperature  (from  Fleference  5). 
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effect  on  the  piezoelectric  activity  for  times  up  to  240  hours.  When  the  tempera- 
ture was  100  or  120  C,  there  was  an  initial  rapid  increase  in  piezoelectric  con- 
stant, then  a sharp  decrease,  followed  by  a more  gradual  decay.  In  each  case 
there  was  a permanent  decrease  in  the  piezoelectric  activity  of  the  PVF2  after  the 
films  were  returned  to  room  temperature  at  the  conclusion  of  the  experiment.  For 
both  the  accelerated  temperature  and  isothermal  aging  experiments,  the  apparent 
changes  in  piezoelectric  constant  may  be  influenced  by  factors  such  as  changes  in 
elastic  modulus  of  the  film  with  temperature,  depolarization  processes  at  the 
higher  temperature,  and  pyroelectric  effects. 

Thus,  for  polymer  films,  the  effect  of  subsequent  temperature  conditioning 
must  be  considered  when  these  piezoelectric  films  are  incorporated  in  devices. 
However,  even  with  these  temperature  considerations,  there  are  many  applications 
for  which  piezoelectric  polymer  films  can  serve  the  Army. 

We  conducted  a preliminary  investigation  of  the  dynamic  piezoelectric  be- 
havior of  poled  PVF2  films  at  room  temperature.  A typical  value  of  the  complex 
tensile  piezoelectric  strain  constant,  d*3i  was  26  pcoulombs/newton.  This  value 
remained  essentially  constant  over  a frequency  ranging  from  80  to  800  Hz.  The 
phase  angle  between  the  polarization  charge  and  the  related  force  ranged  from 
0.4  to  1.2  degrees  over  this  frequency  span.  A typical  value  of  the  corresponding 
complex  tensile  piezoelectric  stress  constant,  e*3j,  was  4.6  x 106  pcoulombs/cm2 
over  the  same  frequency  span,  with  phase  angles  between  polarization  charge  and 
displacement  ranging  from  1.6  to  2.2  degrees.  The  dynamic  elastic  modulus  was 
about  1.8  x lo10  dynes/cm2.  The  characterization  of  dynamic  piezoelectric  behav- 
ior of  these  PVF2  films  is  an  important  step  in  the  consideration  of  the  films 
for  Army  application  because  of  the  dynamic  nature  of  the  events  to  be  monitored. 

APPLICATIONS 

Through  detailed  characterization  of  polymer  films  and  optimization  of  the 
orientation  and  polarization  processes,  we  have  been  able  to  prepare  PVF2  films 
with  piezoelectric  constants  of  20  to  25  pcoul/nt.  We  now  consider  using  these 
piezoelectric  polymer  films  as  transducing  elements  in  devices  because  of  the 
projected  material  advantages,  such  as  low  mass,  sufficient  flexibility  to  con- 
form to  irregular  surfaces,  resistance  to  mechanical  shock,  water  resistance, 
ease  and  economics  of  fabrication.  Our  approach  has  been  to  fabricate  several 
prototype  devices  in-house  with  these  PVF2  films  to  demonstrate  their  utility  and 
potential  advantages.  Improvements  in  the  design  and  fabrication  of  these  and 
other  prototype  devices  are  currently  being  pursued  through  a joint  effort  between 
AMMRC  and  industrial  contractors.  This  joint  effort  will  provide  an  overall  as- 
sessment of  the  advantages  and  disadvantages  of  specific  transducer  devices  using 
piezoelectric  polymer  films.  Descriptions,  results  from  preliminary  testing  of 
these  prototype  devices,  along  with  the  Army  applications,  are  now  presented  for 
the  following  specific  devices:  microphones,  vibration  sensors,  strain  gages, 

and  medical  sensors. 

Microphones 

The  Army  is  interested  in  evaluating  new  types  of  sensor  materials  for  micro- 
phones where  improvements  in  shock  and  water  resistance  would  offer  distinct  ad- 
vantages over  current  dynamic  microphones.  A piezoelectric  polymer  microphone  of 


simple  design  was  fabricated  at  AMMRC  and  demonstrated  the  above  advantages. 
Improvements  in  the  design  and  fabrication  of  this  type  of  microphone  resulted 
from  work  with  two  acoustic  companies,  each  using  PVF2  films  supplied  by  AMMRC. 

A noise-cancelling  microphone,  physically  resembling  the  standard  M-87  dynamic 
microphone  was  constructed  by  Thermo  Electron  Corporation  (see  Figure  9) . This 
polymer  microphone  was  bi-directional  and  had  a flat  frequency  response  up  to 
15  kHz.  A ruggedized  microphone  was  fabricated  by  Bolt,  Beranek,  and  Newman  (BBN) 
which  demonstrated  the  following  properties:  good  frequency  response  in  the  voice 

transmission  region,  high  shock  resistance,  and  ease  of  waterproofing.  We  are  con- 
tinuing our  joint  efforts  with  this  latter  company  to  further  refine  the  design  and 
fabrication  of  this  microphone  to  be  compatible  for  use  with  existing  Army  equip- 
ment. Subsequent  evaluation  and  testing  of  this  piezoelectric  polymer  microphone 
will  be  conducted  by  BBN  and  the  Army  Electronics  Command  (ECOM) . 

Vibration  Sensors 

The  Army  has  need  for  on-condition  vibration  sensors  to  monitor  stress  and  vi- 
bration levels  in  vehicular  (air  and  ground)  structures  and  power  systems.  Piezo- 
electric polymer  transducers  would  offer  advantages  over  conventional  transducers 
owing  to  the  low  mass,  nonbrittleness,  flexibility,  and  ease  of  fabrication  of  the 
polymer  sensor.  We  have  fabricated  some  prototype  vibration  sensors  at  AMMRC  and 
have  demonstrated  their  ability  to  monitor  vibrations.  These  flexible,  lightweight 
accelerometers  were  mounted  alongside  a commercial  accelerometer  on  a helicopter 
test  gear  box  at  Northrop  Corporation.  Figure  10  shows  the  output  signals  from 
both  of  these  accelerometers  collected  at  4-minute  intervals  over  a 20-minute  time 
period.  These  preliminary  results  indicate  that  the  polymer  transducer  had  the 
capability  of  providing  reasonably  good  diagnostic  test  data  up  to  frequencies  of 
5.5  kHz  for  vibration  amplitudes  up  to  70  g's. 

We  are  currently  involved  in  a joint  effort  with  BBN  to  determine  the  poten- 
tial use  of  piezoelectric  polymers  in  transducers.  Through  a preliminary  feasi- 
bility study,  this  company  has  fabricated  a high  shock  resistance  accelerometer 


Figure  9.  Comparison  of  microphones.  M-87  dynamic  microphone  (top),  piezoelectric  polymer  microphone  (bottom). 


Piezoelectric  polymer  sensor  Commercial  accelerometer 
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containing  one  of  our  PVF2  films.  Test  results  indicated  a flat  frequency  response 
up  to  20  kHz,  transverse  sensitivity  of  less  than  3%  maximum,  output  sensitivity  of 
0.2  mV/g,  and  a noise  floor  of  10  yvolts  rms.  We  are  encouraged  by  these  results 
and  we  plan  to  continue  joint  efforts  with  this  company  to  develop  vibrational  sen- 
sors of  greater  sensitivity. 

Strain  Gages 

The  Army  is  concerned  with  fatigue  characteristics  of  materials  used  in  struc- 
tures because  of  the  connection  with,  and  prediction  of,  material  failure.  Strain 
gages  are  useful  monitors  of  material  deformation  and  hence  offer  means  to  indicate 
the  onset  of  fatigue.  Piezoelectric  polymer  films  would  be  unique  dynamic  strain 
sensors  owing  to  their  flexibility  and  low  modulus,  the  latter  property  providing 
sufficiently  low  mechanical  impedance  to  be  compatible  with  composite  materials 
fabricated  with  low-modulus  polymeric  matrices.  In  a preliminary  investigation  at 
AMMRC  we  fabricated  PVF2  strain  gages  and  mounted  them  on  a fiber-reinforced 
plastic  bar  undergoing  dynamic  testing.  The  test  machine  applied  dynamic  strain 
levels  of  0.5%  peak-to-peak  to  the  bar  at  frequencies  of  10  to  30  Hz.  A large 
stable  output  signal  was  produced  by  the  PVF2  film,  showing  wave  shape,  amplitude, 
and  frequency  of  the  resultant  deformation  in  the  test  bar.  Future  work  at  AMMRC 
will  be  devoted  to  investigating  the  performance  of  PVF2  film  strain  gages  with 
regard  to  their  strain  magnitude  limits,  fatigue  life,  and  useful  operating 
temperatures . 

Medical  Sensors 

Because  piezoelectric  polymer  films  are  chemically  inert,  mechanically  com- 
pliant, rugged,  and  a good  impedance  match  to  flesh,  they  are  ideally  suited  for 
use  in  a variety  of  medical  applications.  For  example,  in  a recent  series  of 
tests.  Bolt,  Beranek,  and  Newman  (BBN)  successfully  demonstrated  the  use  of  PVF2 
film  as  a transducing  element  in  a simple,  yet  extremely  effective  pulse  measure- 
ment device.  Results  of  tests  of  peripheral  pulse  measurement  using  polymer  film 
sensors  are  shown  in  Figure  11a,  a photographic  record  of  the  pressure  versus 
time  observed  at  a fingertip.  The  sensor  is  a sheet  of  poled  PVF2  film  which  has 
been  coupled  to  the  fingertip  with  a lightweight  holder  designed  for  the  purpose. 
Electronics  have  been  built  into  the  holder  in  order  to  eliminate  spurious  cable 
motion  artifacts.  The  result  is  an  extremely  detailed  display  of  dynamic  blood 
pressure.  The  basic  period  of  about  0.8  second  is  apparent,  and  pulse  rate  count- 
ing is  clearly  possible.  In  addition,  there  are  remarkable  similarities  in  detail 
between  the  observed  waveform  and  arterial  (aorta)  blood  pressure,  as  shown  in 
Figure  lib.11  The  strength  of  the  pulse  is  also  evident,  as  is  the  decay  rate  of 
the  pressure,  and  what  appears  to  be  a pronounced  "dicrotic  notch,"  which  is  asso- 
ciated with  heart  valve  function.  We  conclude  that  polymer  sensors  can  very  con- 
ceivably play  an  important  role  in  medicine;  for  example,  measurement  of  pulse 
rate,  strength,  and  rhythm  during  medical  evacuation  of  wounded,  cardiac  moni- 
toring during  surgery,  periodic  examination  and  screening,  monitoring  of  post 
operative  patients,  and  intensive  care  monitoring  as  an  adjunct  to  ECG.  AMMRC 
and  BBN  are  now  cooperating  on  further  development  of  medical  devices  employing 
piezoelectric  polymer  transducers, 

11.  HURST,  J.  X,  LOGUE,  R.  B„  SCHLANT,  R.  C.,  and  WENGER,  N.  K.  The  Heart  Arteries  and  Veins.  McGraw-Hill, 

Now  York,  New  York,  1974. 
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Figure  11a.  Pressure  waveform 
observed  at  the  fingertip  using 
a piezoelectric  polymer  sensor. 
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Figure  11b.  Pulse  contour  in 
a healthy  30-year-old  man 
(from  Reference  11). 


Other  Proposed  Applications 

The  projected  utility  of  piezoelectric  polymers  in  a number  of  Army  devices 
has  been  described  by  the  foregoing  examples  of  prototype  development  and  testing. 
Other  uses  contemplated  for  piezoelectric  polymers  include  applications  involving 
ultrasonic  transducers,  ballistic  impact  detectors,  counter-intrusion  devices 
(both  for  combat  and  peacetime  applications),  hydrophones,  and  headphones.  In 
addition,  the  phenomenon  of  pyroelectricity  (electrical  signal  produced  by  temper- 
ature changes)  is  usually  exhibited  by  piezoelectric  polymers.  Possible  applica- 
tions of  pyroelectric  polymer  films  include  intrusion  and  fire  detection,  early 
detection  of  laser  impact,  and  as  large-area,  shock-resistant  sensing  elements 
in  infrared  vidicons  to  depict  thermal  scenes  at  night. 

FUTURE  INVESTIGATIONS 

In  addition  to  the  development  and  testing  of  prototype  devices,  we  are  pur- 
suing efforts  to  extend  the  operating  temperature  of  piezoelectric  polymers  through 
modifications  in  the  structure  of  PV1;2  and/or  through  the  development  of  other  high 
temperature  polymer  systems.  Presently,  certain  device  applications  employing 
piezoelectric  PVP2  polymers  are  limited  by  the  loss  of  piezoelectric  activity  at 
elevated  temperatures.  We  believe  that  our  laboratory,  with  its  considerable  ex- 
pertise in  the  field  of  polymers,  can  greatly  contribute  to  future  development  of 
piezoelectric  polymer  materials  loading  to  improved  devices  for  Army  applications. 
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